The spatial management of fisheries has been repeatedly proposed as a discard mitigation measure. A number of studies have assessed the fishing suitability of an area based on units of by-catch or discard per unit effort. However, correct identification of fishing-suitable areas should assess biomass loss with respect to the benefits. This study therefore, proposes the analysis of by-catch ratios, which do represent benefit vs. loss and are standardized to a wide range of effort characteristics. Furthermore, our study proposes the use of two ratios: the proportion of total unwanted biomass out of the total catch as an indicator of the overall ecological impact, and the proportion of unwanted but regulated species biomass as a proxy for the economic impact on fishers resulting from the new European discard ban that prohibits the discard of regulated species. These discard ratios are modelled by means of a Bayesian hierarchical model, specifically, a spatio-temporal beta regression model, which has several advantages over the traditional arcsine transformation. Results confirm the standardizing capacity of by-catch ratios across vessels and identify at least two economically fishing-suitable areas where discards ratios are minimized by reducing unwanted catch.
Introduction
Fishery discards have been a matter of debate over the last decades. Unwanted catches and discards constitute a substantial waste of natural resources that negatively affect the sustainable exploitation of marine ecosystems and the financial viability of fisheries (Kelleher, 2005; Viana et al., 2013b) . As a consequence, the new EU Common Fisheries Policy plan (European Commission, 2013) proposed for 2014-2020, is controversial in its goal to enforce the landing of fishing discards as a measure to encourage their reduction (Sard a et al., 2015) . This measure implies that fishers will have to land all regulated species regardless of their size and that landing quotas will be replaced by catch quotas. While many potential consequences of this policy are still unclear for different fishing grounds and fisheries (Catchpole et al., 2005; Bellido et al., 2014; Sigurðard ottir et al., 2015) , it will undoubtedly have a negative economic impact on the primary fishery sector (Poseidon, 2013; Catchpole et al., 2014) . Indeed, fishers will be obliged to land products of little value, which will devalue the economic potential of their catch quotas. Similarly, in those areas where the fishery is not managed by quotas (e.g. Mediterranean Sea), fishers will have to keep the fish on-board which may imply additional costs associated with handling the fish and reduced storage capacity.
Under these circumstances, a possible consequence of the upcoming EU fishing scenario is that it will motivate fishers to maximize revenues by fishing in areas that minimize the catch of unwanted regulated fish species (Vilela and Bellido, 2015) . In this context, advanced spatial analysis techniques could help to identify areas where by-catch and/or discards are minimized. By providing spatial or spatio-temporal by-catch/discard predictive maps, both management bodies and fishers could better assess the fishing suitability of a given area.
Several studies have assessed discard concentration areas based on the expected amount of total discards per unit effort (DPUE) (Feekings et al., 2012 (Feekings et al., , 2013 Viana et al., 2013a; Cosandey-Godin et al., 2014; Pennino et al., 2014) . However, the use of DPUE units as a criterion to identify these areas can lead to ecologically and economically misleading results for two main reasons. Firstly, such an approach does not include the landed portion of the fishing haul in the analysis, and so it does not identify whether the amount of discard is disproportionate to the catch or not. This is crucial to quantify the economic and ecological balance between the marketed food biomass and the lost biomass. Secondly, from a technical point of view, modelling discards involves dealing with a wide range of commercial vessels with different characteristics (e.g. length of the vessel and engine-power), haul duration, and other effort characteristics. Consequently, calculating a standardized DPUE criterion may be difficult or even infeasible in most cases.
A better approach may be to use discard and by-catch ratios, defined as the discarded or by-caught biomass divided by the total haul biomass. In contrast to the DPUE criterion, discard ratios implicitly include benefit vs. loss, which allows us quantify both, the ecological impact in terms of "food biomass vs. wasted biomass" and the economic impact by quantifying the percentage of quota loss (if applicable) and percentage of storage room occupied in the vessel by non-marketable fish. Therefore, discard ratios allow a better identification of both, economically and ecologically, fishing-suitable areas. In addition, technically speaking, discard/by-catch ratios are inherently standardized to a wide range of effort variables (vessel size and fishing time) apart from the most gear specific ones (hook size and mesh size).
Interestingly, proportions have been widely used in many descriptive studies on fishery discards (Tsagarakis et al., 2013) ; however, we found no fishery study that applies statistical regression to them. Vilela and Bellido (2015) proposed a random forest based algorithm to assess the fishing suitability of an area. Their algorithm is based on a fishing suitable-unsuitable (binomial) response variable that is created by manually setting a cut-off discard ratio that classifies hauls as suitable or unsuitable. It is therefore somewhat intuitive that results using this method may be very sensitive to the cut-off percentage set at the beginning of the analysis.
An easier and more straightforward approach is to directly apply regression on discard or by-catch ratios using the appropriate beta distribution. The beta distribution has historically had a very wide range of applications (Gupta and Nadarajah, 2004) , although not until recently has it been used in regression modelling (Ferrari and Cribari-Neto, 2004) .
In this study, we propose the use of by-catch or discard ratios to identify fishing-suitable areas. The approach is applied to a bottom trawling fishery of the western Spanish Mediterranean Sea by means of a Bayesian hierarchical model, specifically, a spatio-temporal beta regression model using R-INLA software (Martins et al., 2013) . We modelled two different by-catch/ discard ratios: a total by-catch or discard ratio variable as a proxy of the global ecological impact and the by-catch or discard ratio of regulated species (non-discardable fraction under the new EU regulation). By doing so, we hope to identify fishing-suitable areas for the upcoming EU fishing scenario and provide a useful tool for fishery management.
Material and methods

Discard data
Trawl discard data were collected according to the European Commission (2009/93/EU) decision, which establishes a métier-based sampling programme of discards. Specifically, this study was based on bottom trawl data for the south-eastern part of the Spanish Mediterranean Sea (Figure 1 ). Bottom trawlers in this area are segregated into two different métiers due to the difference in catch composition at different depths: the bottom otter trawl for demersal species métier (OTB-DES) and the bottom otter trawl for deep-water species métier (OTB-DWS) (see Pennino et al., 2014 , for a more detailed description of the métiers).
The database, provided by the Instituto Español de Oceanograf ıa (IEO, Spanish Oceanographic Institute), contains a total of 391 hauls collected by 17 vessels between 2009 and 2012, including catch and discard data disaggregated by species. Two by-catch/discard ratio (henceforward simply discard) response variables were created. A total discard ratio variable was created to assess the global ecological impact of the fishery by dividing the discarded biomass by the total catch biomass. In addition, a discard ratio of regulated species variable was created to account for the non-profitable but also non-discardable fraction of the haul by dividing the regulated biomass that had been discarded by the total catch.
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The six most discarded fish species were: bogue (Boops boops) representing $12% of the total discards, followed by the axillary seabream (Pagellus acarne) with 6%, the small-spotted catshark (Scyliorhinus canicula) with 4.5%, horse-mackerel (Trachurus sp.) with a 3.8% and the common pandora (Pagellus erythrinus) with 2.3%. Of these, the axillary seabream, the horse mackerel and the common pandora must be landed under the new EU discard ban.
Independent variables
Fishing haul characteristics, such as date, time, geolocation and depth were extracted directly from the onboard observer database. Fishing geolocation and depth were computed using an average point between the start and end point of each fishery operation. The total catch of each fishing haul, in kilograms, was also included as a potential predictor.
Two temporal cyclic variables, namely "Moon phase" and "Ordinal day", were created to explore possible mean temporal trends in both discard ratios. The moon is an environmental factor that affects the behaviour of fish (Mackinson, 2001; Pennino et al., 2014) as well as seasons. Specifically, the "Moon phase" variable was created using the phenology package (Marc, 2015) implemented in R software (R Core Team, 2014) . This variable can take any continuous value between 0 and 100, where 0 and 100 represent full moon and 50 new moon. The "Ordinal day" variable was created using the date package (Therneau et al., 2014) , which assign an integer value to each fishing haul based on the date of the haul, starting from 1 (1st January) to 365 (31st December). By fitting cyclic temporal effects (i.e. January 1 goes after December 31) to these two variables, we expect to identify any general temporal patterns in discard ratios related to seasons and/or the moon phase.
Modelling discard ratios
Discard ratios can take any continuous value ranging between 0 and 1. This kind of data has frequently been modelled by transforming the dependent variable using the arcsine square root transformation (Sokal and Rohlf, 1995; Zar, 1999) . This approach, however, has several drawbacks. First, model parameters cannot be easily interpreted in terms of the original response (Ferrari and Cribari-Neto, 2004 ). In addition, the measures of proportions typically display asymmetry, hence inference based on normality can be misleading (Ferrari and Cribari-Neto, 2004) . In relation to this, the symmetry of the normal distribution can result in non-sensical predictions, e.g. confidence intervals out of the [0,1] range.
In contrast, the beta distribution fulfils the required characteristics and it is very flexible in terms of shapes (Gupta and Nadarajah, 2004) . The only drawback of the beta distribution is Best fishing-suitable areas under the new European discard ban that it does not provide a satisfactory description of the data at the two extremes, i.e. 0 and 1, in which case, 0 and 1 inflated models are required (Ospina and Ferrari, 2012) . A simple ad hoc solution to this problem is to add a small value to the observed proportion, which introduces minimal bias while still satisfying the (0,1) criteria (Warton and Hui, 2011) . However, as a general rule, the catch of every fishing operation is made up of the discarded and landed fractions, neither of which is equal to 0 or 1, except for the most selective gears (pots and traps) and purse seiners. Therefore, 0/1 proportion data are scarce in the scope of this study.
Identifying trawl fishing-suitable areas
A hierarchical Bayesian spatial beta regression model was used to identify the trawl fishing suitability of an area based on two types of discard ratios. On the one hand, we used total discard ratios to assess the global ecological impact. On the other hand, we used the discarded ratio of regulated species as a proxy to both, the economic impact on fishers under the new EU landing obligation due to occupying part of the vessel's hold and the ecological impact due to the biomass loss caused in the system by landing unwanted but regulated species.
Trawl discard ratios Y ijdt of vessel j, haul i, depth d and time t were assumed to follow a beta distribution Y ijdt $ Beðl ijdt ; u ijdt Þ. The exploratory analysis revealed non-linear relationships between depth and discard ratios. These relationships were modelled using second order random walk (RW2) latent models based on 18-m-depth increments, i.e.
This model performs as a Bayesian smoothing spline (Fahrmeir and Lang, 2001) . Similar RW2 structures were applied on the "Moon phase" and "Ordinal day" temporal variables, but with cyclic indexations so that the models account for the temporal cyclical nature of these variables, i.e. January 1 goes after December 31.
In addition, a geostatistical term with location-specific random effects S ¼ (s 1 ,. . .,s n ) was included in the linear predictor of both discard ratios. It is important to note that due to the relatively low spatio-temporal resolution of the data ($10 spatial observations per month), the spatial effect and the temporal effect were fitted independently. Distances were standardized in between 0 and 1, where 1 is equal to the maximum distance in the study area. Such a spatial effect allows the identification of fine-scale spatial variation based on the principle that close observations are more related than distant observations (Tobler, 1970) . It is customary to assume, under R-INLA, that S $ N(0,Q(j,s)) is a Gaussian field with zero mean and a covariance matrix Q that depend on two hyperparameters, j and s, defining the variance and range of the spatial effect (Lindgren et al., 2011) .
A remaining potential source of variation on discards could be due to differences among vessels (Eliasen et al., 2014) . These differences can be caused by a skipper effect or unobserved gear characteristics. Consequently, and because we are not interested in knowing the specific nature of the observed vessels, we included this vessel effect as a random effect v j . Finally, the total catch of the haul was included as a linear effect based on Rochet and Trenkel (2005) , who concluded that discard ratios may not be proportional to the total catch.
The Bayesian approach requires the assignation of prior distributions to every parameter of the model. In this case, no prior information on the parameters of the model was available, so we used vague default prior distributions implemented by default in R-INLA. It was only in the case of the RW2 functions that a visual pre-selection of priors was made, to avoid overfit, by changing the prior of the precision parameter while the models were scaled to have a generalized variance equal to 1 (Sørbye and Rue, 2014) . A sensitivity analysis of the choice of priors was performed by verifying that the posterior distributions concentrated well within the support of the priors.
Models were selected based on the Conditional Predictive Ordinate (Geisser, 1993) via its logarithmic score (LCPO) (Gneiting and Raftery, 2007) , the Watanabe Akaike Information Criterion (WAIC) (Watanabe, 2010) and the effective number of parameters (ENP) of the model. WAIC uses the posterior densities more effectively than the traditional Deviance Information Criterion (DIC) (Gelman et al., 2014) . All the available variables were included in the analysis. First, the proposed temporal variables were individually compared against the null model to identify general trend patterns. After this preliminary selection of variables, all the subsequent combinations of variables were fitted and compared.
Results
Final models for both response variables included a non-liner bathymetric effect and the total catch of the haul as explanatory variables (Table 1) . Specifically, the total catch of the haul had a positive effect on the expected ratios of both the total discard Predicted total discard ratios showed a marked relationship with respect to bathymetry (Figure 2 ). Highest total discard ratios were observed in shallow waters, between 40 and 200 m. Regulated species discards, however, showed a maximum expected discard ratio in the 75-175 depth strata, while remaining relatively low in shallower and deeper waters.
No relevant temporal patterns were found in the study area. Indeed, all models with temporal effects, showed higher WAIC and LCPO scores than those without them for both response variables (Table 1) . Similarly, the model selection process dismissed the vessel random effect from both models, suggesting that discard ratios were fairly homogeneous across the different commercial vessels (Table 1) .
The spatial effect was only included in the regulated discard ratios model (Table 1) Best fishing-suitable areas under the new European discard ban lower expected discard ratios than those expected by the rest of variables. Specifically, one low discard area is located in the shallow waters in front of the Mar Menor lagoon and another along the central part of the 0.3 west meridian (Figure 3 ). These two low discard areas could constitute two fishing-suitable areas where expected levels of unwanted regulated species are lower than in other zones of the study area with similar bathymetric conditions. Similarly, a high discard hot-spot (positive values in Figure 3 ) was identified around the latitude 37.7 north and longitude 0.7 west coordinate area. The total discard ratio predictive map (Figure 4 ) confirmed the key role of depth in the distribution of discard ratios. The posterior predictive map of regulated discard ratios (Figure 4) showed a similar pattern but with the added small-scale spatial variability provided by the spatial effect.
The predicted hot-spot of regulated discard ratios in the northern coastal zone of the study area (Figure 4) is driven by the marginal bathymetric effect due to the absence of observations in the area. Therefore, this discard hot-spot should not be considered while new observations suggest the contrary. Such uncertainty is displayed by the standard deviation map associated to these predictions (Figure 4) .
Discussion
The present study proposes a new framework to characterize fishing-suitable areas under the upcoming EU discard ban. This study proposes using spatial beta regression models applied to discard or by-catch ratios. Specifically, we use total discard ratios and discard ratios of regulated species as a proxy to assess the global ecological impact and economic impact on fishers, respectively.
The use of discard ratios is also a good alternative to the widely used discards per unit effort (DPUE) criterion. In contrast to DPUEs, discard ratios represent benefit vs. loss, and thus allow researchers to assess whether the amount of discards is disproportionate to the catch or not. Discard ratios allow assessing the economic impact by quantifying the percentage of quota loss (if applicable) and percentage of storage room occupied in the vessel by non-marketable fish when fishing in a given sub-area. Similarly, the ecological impact is also quantified in terms of gained food biomass against wasted biomass. Furthermore, regulated species discard ratios represent the percentage of biomass removed from the system that, before the landing obligation, would have been returned to the system. From a methodological perspective, results showed that discard ratios have a good standardizing capability across different vessels. The random effect assigned to absorb extra variability among vessels was dismissed during the model selection process. Conversely, the study by Pennino et al. (2014) , using DPUEs in the same study area, found that this component was relevant in the analysis. Our results using discard ratios compared with the results in Pennino et al. (2014) could provide initial evidence of the good standardizing capacity of discard ratios compared with the more usual DPUE units.
The resulting discard ratio predictive maps (Figure 4 ) provide intuitive tools to assess the fishing suitability of a sub-area. Fishers and policy makers could combine information on the proportion of total and regulated species discards to select economically and ecologically fishing-suitable areas. In this regard, the Bayesian approach provides an added value, which is the straightforward quantification of the uncertainty in our predictions, visualized here with the standard deviation maps.
The marginal spatial effect also provides a very informative tool for decision-making as it represents the spatial fine-scale variability of discard ratios given the effect of the covariates. In other words, the spatial effect is able to identify fishing-suitable areas by stressing the relative abundance at a given location with respect to the expected mean ratio at that location given the covariates, in this case depth. Consequently, and because trawl target species vary essentially with depth, the map of the spatial effect is particularly useful to identify fishing-suitable areas for a given target species.
This study identified two main fishing-suitable sub-areas based on the proportion of discarded regulated fish (Figure 3) . Fishing in these sub-areas could reduce fishers' economic loss due to quota reduction (if applicable) or the minimization of ship hold occupied by non-marketable species. Furthermore, fishing in these sub-areas may minimize the ecological biomass loss in the system generated by the landing obligation. Under the landing obligation, it is mandatory to land some of the previously discarded biomass, which results in higher energy removals from the system than before. Regarding the total proportion of unwanted fish, results showed a clear longitudinal gradient related to the bathymetry. Indeed discard ratios were higher in shallow waters (Figure 2 ) along the coastline (Figure 4 ) and may reflect the distribution of target species of these métiers. As also highlighted by Pennino et al. (2014) , the depth-related variations of discard ratios are linked to differences in species composition of fish communities and in the length-frequency distribution of some species. Species replace each other according to their bathymetric and geographical preferences. Thus, the bogue, the most discarded species, is particularly abundant between 50 and 200 m, which may explain the increase of total discard ratios in shallow waters. Interestingly, and although fish distribution is known to vary seasonally, none of the models found any temporal trend on the discard ratios of the study area. Discard ratios, as well as the DPUE criterion, constitute the aggregation of many different species and thus mixed species-specific distribution patterns. In this respect, a detailed species-specific study of discard could better identify masked temporal and/or spatial patterns in this study.
Lastly, results confirmed that discard ratios consistently increase with the amount of total catch, as shown previously by Pennino et al. (2014) and Rochet and Trenkel (2005) . In this regard, Rochet and Trenkel (2005) proposed limited hold capacity of the vessels as a possible explanation for the increased discard ratios when the catch is high. This could not be the case in this area as the local fleet operates on the basis of day-trips and the total catch seldom exceeds hold capacity. An alternative reason may be related to high grading, where mid-priced fish species could be landed when the catch is low to make the trip profitable but thrown away when the catch is good enough. A more detailed study of these mid-priced fish species combined with sales notes information could confirm this hypothesis.
To conclude, we would also like to mention that the analytical approach used here to explore the distribution of discard ratios can be extended to different fishing grounds and any other spatial process measured in proportions. Figure 4 . Posterior predictive mean and standard deviation of the total discard ratios (top) and the regulated discard ratios (bottom).
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